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Abstract
The mechanical integrity of heat exchangers is the result of an interplay of many physical phenomena. A full, albeit
simple, model, that covers mixture phase thermodynamics, heat transfer, ﬂow dynamics, and the thermal and pressure
stresses has been created. Using this simulation model it is now possible to quantify the magnitude of diﬀerent eﬀects.
The focus has been on internal instabilities under stationary operations.
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1. Introduction
The Plate-Fin Heat Exchanger (PFHE) is a versatile and compact unit. It is used for many applications.
The liquefaction of natural gas (NG) to LNG is one of the most critical applications. The combination of
the large temperature range ∼ 300K to ∼ 100K, the mixed refrigerant, the boiling liquid, and the resulting
two-phase ﬂow (see Figure 1 for the schematic model of the process) will strain the heat exchanger. In order
to quantify this eﬀect a generic model of the diﬀerent aspects of the liquefaction process has been created.
The model is meant to yield the peak mechanical stresses in the PFHE. This result is combined an inventory
of instabilities that can occur in the boiling heat exchanger, in order to estimate the cyclic stresses. The
mechanical stresses calculated in the second part of the paper are based on assumed temperatures at the
ﬂuid-solid interfaces. The ﬁrst part reviews the origin and the variations of these temperatures due to the
liquefaction process. In particular, oscillations in the temperature will lead to cyclic stresses, which can be
damaging at much lower peak stress values.
1.1. Instabilities and oscillations
Boiling ﬂows can be very violent: [1, 2, 3] the initial bubbles can grow unchecked if the liquid tem-
perature is too high and the pressure too low. However, such phenomena are easily avoided by restricting
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the heat transfer below the heat ﬂux associated with the Departure from Nucleating Boiling (DNB). In this
paper the attention is restricted to the internals of the heat exchanger. Although the mass ﬂow and inlet
temperatures are kept constant, there are several reasons why the local conditions in the heat exchanger may
be oscillatory.
These other, weaker instabilities, during stationary operation, remain possible with the restriction of
limited heat ﬂux in place: 1. The oscillation of ﬂow between two neighboring, parallel channels, over inlet
and outlet manifolds. 2. The oscillation of ﬂow in a channel due to a reduced pressure drop for conditions
with a larger mass ﬂow (typical for two-phase ﬂow). 3. Corners with stagnant ﬂow as source for large
bubbles, i.e., local ﬁlm boiling. 4. Drop of liquid and heavy components along the sides of the channels,
generating a phase separation (in the case of hot-end-up). 5. Microscopic nucleation and cavitation around
surface cracks. 6. Noise from the nucleating boiling process itself.
Flow instabilities, such as cross channel oscillations and mass ﬂow oscillations, are avoided by increased
ﬂow rates (forced ﬂow), with a high pressure drop. Besides less eﬃcient, it has the disadvantage of an
increased temperature diﬀerence and heat ﬂux, which could lead to boiling instabilities. It is therefore key
to design the channels small enough to have an operational region between the two possible sources of
instability.
Eventually, the layout with compressor speciﬁcations, Joule-Thomson valves, and refrigerant enthalpies,
will determine the limitations of the liquefaction process. In many cases the compressor power is the limiting
factor, in that case the PFHE may be large in comparison and the temperature diﬀerences small. We are
concerned with the internals of PFHE and consider therefore the case substantial ﬂow and consequently
larger temperature diﬀerences. At the system boundaries we specify pressures and in-ﬂow temperatures.
1.2. Mixed refrigerants
Mixed refrigerants can be designed to have an appropriate boiling trajectory: latent heat over a range of
temperatures for a given pressure, relevant for the cooling of NG. Propane can be an important component
with a boiling temperature (∼ 231K at stp, ∼ 273K at ∼ 46 bar). Other refrigerants use an Ethane-Butane
mixture as main ingredient. Hydrocarbon mixtures are typically non-azeotropic, i.e., the boiling temperature
interpolates between those of the components, Raoult’s law [4] in combination with Antoine approximation
(ln(Pvapor) = A−B/(C +T )), or extended ﬁts [5], for the vapor pressure suﬃce to determine the molar vapor
fraction V. Given the mole fraction xi in the liquid and the partial vapor pressure yi (with total mole fraction
of component i: xoi = xi + yi), the vapor fraction 0 ≤ V ≤ 1 is given by:
∑ xoi P
vapor
i
Pmixture + (Pvapori − Pmixture)V
= 1 (1)
Although a complex equation for the mixture vapor pressure, for a given temperature T, the solutions
yield a smooth interpolation of the vapor fraction V between the bubble point and dew point. The total
heat capacity of the vapor and liquid is mainly in the latent heat, however, the heat capacity of the gas itself
will yield a contribution, which increases with temperature. The latent heat is derived from the Clausius-
Clayperon equation. [4]
1.3. Bulk heat transfer
The heat transfer in the aluminum is dealt with within the numerical model. However, the heat exchange
along the length of the heat exchange is not covered. Depending on the dimensions and the total mass of
aluminum it should be considered. A simple rule of thumb calculation indicates it.
For the ﬂuid, the ﬂow will be the main heat transfer. The aluminum of the exchanger will transfer heat
between the separate channels. The heat conductivity is the sum of the conductivity of the plates and the
conductivity of the ﬁns in parallel (1/Rtotal = 1/Rplate + 1/Rﬁn). When the plate material is thick and the
channel is short, the eﬃciency of the heat exchanger is slightly reduced by heat transfer in the aluminum
along the channel. The loss is approximately: λM(Tin − Tout)/(ρL2)[Watt] = 16M/L2[Watt], where M[kg]
is the mass of the heat exchanger, and L[m] is the channel length (between 300 K and 100 K hot and cold
ends), ρ[kg/m3] the density, and λ[W/Km] the heat conductivity. On the other hand the heat buﬀering in the
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aluminum increases, increasing the stability. The total heat buﬀered (assuming a linear temperature proﬁle,
with suﬃces for the heat buﬀering exercise) is about 88[kJ/kg]. Eventually, the heat transfer, between
the hot and cold channels, was determined in the ﬁnite element model in ANSYS. The temperature at the
surface was set. Linearity of the ANSYS model, allows one to scale both temperatures at pressures to the
temperature diﬀerences found. By performing the thermal and mechanical simulation in ANSYS the precise
temperature proﬁle in the aluminum matches the actual stress model used.
1.4. Wall heat transfer
The most complex part of the heat transfer is the boiling ﬂuid heat transfer. For a small temperature
diﬀerence between wall and ﬂuid the heat-transfer is diﬀusive or convective. However, for an eﬃcient
production, a higher transfer related to nucleating boiling, small bubbles also occur. Hence these two regions
of wall heat transfer are to be matched, for the temperature diﬀerences under consideration.
1.5. Pressure drop
The pressure drop in the channel is related to the ﬂow regime. The turbulent regime (Re > 3200) has a
pressure drop related mainly to the geometric and dynamical properties: ΔP = 12ρv
24 f ξ(L/D) where ρ the
density, v the velocity, L the length, D = 4 area/circumference, and ξ the formfactor (ξ = 1 for cylinder,
ξ = 0.89 for a square). In the multiphase regime the pressure drops will be somewhat higher. However,
it should be noted that with the rarefaction of the gas, the pressure drop for a given mass ﬂow and length
increases, since the (volumetric) velocity increases.
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Fig. 2. Example of the temperature proﬁle, with a simple ethane-
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2. Operational temperature proﬁles
The temperature proﬁles of the combined cross ﬂow, of both the cold and the warm stream have typical
characteristics, from certain phenomena within the heat exchanger. In Fig. 3 some of the typical character-
istics are shown schematically. They may lead to larger temperature diﬀerences inside the heat exchanger,
than expected from inlet conditions.
The temperature proﬁles of stationary operations are easily generated in an iterative scheme (see Figure
2):
1. calculate the temperature proﬁles, given heat capacities of the ﬂuid and solid, heat transfer between the coolant
and the refrigerant, and inlet temperatures
2. calculate the heat transfer, given the temperature proﬁles
3. if temperature proﬁles have changed, repeat 1. and 2.
The input are the mass ﬂows, inlet temperatures, heat conductivities of wall ﬂow and aluminum. Both ﬂuid
temperatures can be integrated from their respective inlets, given the temperatures the heat ﬂux across the
channels and through the material is the result of the local temperature diﬀerences.
52   N.E. Ligterink et al. /  Energy Procedia  26 ( 2012 )  49 – 55 
T
NG
TR
ideal process
DT
high NG flow
high refrigerant flow
rarefaction 
(decreased heat flux) refrigerant boiling film boiling
Fig. 3. Sketches of the variation in mass ﬂows, density, boiling trajectory, and reduced heat ﬂux due to ﬁlm boiling, the temperature
proﬁles will change accordingly. Low density, rarefaction, at the hot end will make this part of the heat exchanger less eﬀective, leading
to the curved proﬁle.
3. Mechanical model of the plate ﬁn heat exchanger
Generally it is diﬃcult to relate PFHE operating conditions to stresses due to complicated geometry and
aforementioned phenomena. Therefore standards or vendors prescribe very strict heat-up/cool down rates of
the PFHE core, stabilities of the incoming streams, and temperature diﬀerences between layers. Mechanical
integrity of PFHE has not been studied extensively over the last years. PFHE are regarded as sensitive to
large and rapid temperature changes and consequently the fatigue failure due to thermal cycling is likely to
occur. Building a reliable mechanical model is an important step to estimate the value of the location and
the magnitude of the initiated stresses. Optimal operating conditions can then be derived, the productivity
and reliability can be improved.
An example of a typical plate-ﬁn heat exchanger and its internals is shown at Figures 4-5. Curved heat
transfer ﬁns provide an extended heat transfer surface. Fins also connect the parting sheets (or separator
sheets) containing the ﬂuids within the individual layers and also serving as primary heat transfer surface.
Fins and plates are brazed together at the connection region. In a present paper the following thicknesses
(typical) have been used - 2.3 mm for ﬁn and 6.9 mm for the plates, the overall dimensions of a heat ex-
changer are usually a couple of meters. Modelling the exact geometry in this case a time and memory
consuming procedure, which will also result in extremely long calculation times. It is preferable to deﬁne
the eﬀective mechanical properties of the internals structure and model the full heat exchanger using those
properties. The global displacement and deformations can be calculated, with the eﬀective stiﬀness matrix.
On the other hand, the the local stresses in the brazing area can be calculated as a result of these global
deformations.
Fig. 4. A plate ﬁn heat exchanger with the inlet and
outlet manifolds
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Fig. 5. A plate ﬁn heat exchanger block with the internals
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To model the plate ﬁn heat exchanger the following assumptions have been made:
1. Brazing material as well as the material of the total structure is aluminum alloy.
2. There is no prestress at the brazing regions.
3. Mechanical properties do not depend on temperature.
An element with 4 layers has been chosen as a unit cell for the thermal analysis. parametric geometrical
model has been built (see, for instance Figure 8). It is assumed the the diﬀerence in temperature between
two layers is about 20 degrees, (10 degrees across each wall) and the heat transfer coeﬃcient is 1000W/m2K
for the hot ﬂow and 4000 W/m2K for the cold ﬂow. Pressure of the hot ﬂow is 50 bar, and for the cold ﬂow
is 5 bar. Steady-state thermal analysis has been performed for two cases (counting from up):
• case 1: Hot-Cold-Hot-Cold
• case 2: Cold-Cold-Hot-Hot
Temperature and heat ﬂux for the cases 1 are presented in Figures 6-7
Fig. 6. Temperature distribution for the case 1 Fig. 7. Heat ﬂux distribution for the case 1
Corresponding static-structural study has been performed for calculated thermal loading with and with-
out internal pressures (calculate in the previous section). The results for the thermal stresses for both cases
with internal pressures are presented at Figures 8 and 9. The results for the steady-state thermal analysis
with the corresponding stresses with the internal pressure are shown at Figures 10 and 11.
It has been observed, that the stresses for both cases are due to thermal loading. The eﬀect of the
pressure is very small and it can be neglected for the future analysis. Maximum stresses are concentrated in
the brazing region, which can be potentially eﬀected by cyclic loading leading to fatigue fracture. Changing
geometry can shift this area and/or change value of the maximum stresses (see Figures 12-13 for the results
of thick and thin parting plates).
3.1. Eﬀective mechanical properties of the internals
In order to calculate eﬀective properties of the PFHE, a series of test problems (uniaxial tension and
simple shear) have been solved, as well as a set of equations from the mechanics of composites (A pro-
cedure which is referred as homogenization in specialized literature, see for instance [6]). The calculated
mechanical properties of the eﬀective orthotropic material are:
Ex = 2.358 · 1010 Pa Gxy = 2.29 · 109 Pa νxy = 0.23
Ey = 1.322 · 1010 Pa Gyz = 5.68 · 109 Pa νyz = 0.13
Ez = 3.263 · 1010 Pa Gzx = 9.63 · 109 Pa νzx = 0.33
(2)
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Fig. 8. Steady-state thermal analysis with the corresponding
stresses for the case 1, without internal pressures
Fig. 9. Steady-state thermal analysis with the corresponding
stresses for the case 2, without internal pressures
Fig. 10. Steady-state thermal analysis with the corresponding
stresses for the case 1, with internal pressures
Fig. 11. Steady-state thermal analysis with the corresponding
stresses for the case 2, with internal pressures
The relatively small shear stiﬀnesses, G, indicate the possibility of large shear deformations. Consequently,
peak stresses will occur where plates are attached to another. The results show this, in Figs. 9, 10, 11 and
12.
Global displacements and deformations of the full heat exchanger can now be calculated in a fast and
convenient way. For any variation in the based geometry (see Figure 8, 9), corresponding eﬀective properties
can be calculated and the complete model of the PFHE can be made. Steady-state analysis can be performed
for the complete model, corresponding displacements can be applied to the cell unit, together with thermal
loading. The magnitude and locations of the stresses can be analyzed and compared with the allowable, or
acceptable, levels. The operating process can be optimized in such a way, that fatigue phenomena will not
occur.
4. Conclusions and remarks
Temperature proﬁle and stationary operational conditions for the PFHE have been derived. New proce-
dure has been developed to calculated the eﬀective mechanical properties of the any variation in the layers
geometry. Mechanical model has been built in order to verify thermal and mechanical stresses at global and
local levels.
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Fig. 12. Steady-state thermal analysis with with the corresponding
stresses for thick plate
Fig. 13. Steady-state thermal analysis with the corresponding
stresses for thin plate
The pressure diﬀerence of 45 bar across the channels yield an additional stress of about 50 MPa. The
thermal stresses are in the order of 20 MPa/K. With the actual geometry, the values may varied up to 20%
within our study. Moreover, the location of the peak stresses changed, shying it away from the brazing
regions, or other critical parts.
Geometry of the PFHE, as well as operating conditions, e.g., at start-up, can be now optimized to avoid
stress concentrations in the brazing region. Determination whether the calculate stresses will lead to fatigue
failure of the structure due to cracks is ongoing research. Apart from operational conditions, the peak
stresses and typical ﬂow oscillations, yielding cyclic stresses, will be the basis fatigue estimates.
In future research the results in this paper will be validated experimentally, in a small-scale setup of a
similar unit-cell of the PFHE. The PFHE internals, under varying temperature, ﬂow, and phase-transition
conditions can be controlled, studied and visualized with limited eﬀort in this manner.
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